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T h e  f l u o r e s c e n c e  s p e c t r u m  f o r  n a t u r a l  waters c o n t a i n s  s e v e r a l  f e a t u r e s  
which may b e  u s e d  f o r  r e m o t e  s e n s i n g  o f  d i s s o l v e d  a n d  s u s p e n d e d  materials. 
F i g u r e  1 s h o w s  t h e  f l u o r e s c e n c e  e m i s s i o n  s p e c t r u m  f o r  a n  e s t u a r i n e  water sample 
e x c i t e d   b y   a n   a r g o n  laser a t  514.5 nm. The f e a t u r e s  o f  in te res t  are:  
( 1 )  s c a t t e r i n g  a t  t h e  laser  w a v e l e n g t h   b y   p a r t i c u l a t e s   ( M i e ) ,  ( 2 )  f l u o r e s c e n c e  
f rom the  p igments  ch lorophyl  5 and  phycoe ry th r in ,  (3)  Raman s c a t t e r i n g  b y  
water, and ( 4 )  f l u o r e s c e n c e   b y   d i s s o l v e d   o r g a n i c  matter. T h e s e   i n t e n s i t i e s  
' i n c r e a s e  w i t h  t h e  c o n c e n t r a t i o n  o f  t h e  c o r r e s p o n d i n g  material a n d  d e c r e a s e  w i t h  
a t t e n u a t i o n .   N o t e   t h a t   s i n c e   t h e   c o n c e n t r a t i o n   o f  water is c o n s t a n t   t h e  
Raman i n t e n s i t y  p r o v i d e s  a d i r e c t  m e a s u r e  o f  a t t e n u a t i o n .  
The o p t i c a l  m o d e l s  r e l a t i n g  i n t e n s i t i e s  a n d  c o n c e n t r a t i o n s  are shown i n  
f i g u r e  2.  The f i r s t  e x p r e s s i o n  is  t h e   g e n e r a l  case f o r  laser b a c k s c a t t e r  
a s s u m i n g   s i n g l e   s c a t t e r i n g .  T h e   h i g h   a l t i t u d e   a p p r o x i m a t i o n ,   a l t i t u d e  >> 
r emote   s ens ing   dep th ,   a l l ows   t he   s imp le   fo rm shown r a t h e r  t h a n  a n o n i n t e g r a b l e  
i n t e g r a l   f o r m .   N e i t h e r   a s s u m p t i o n   s i g n i f i c a n t l y   a f f e c t s   t h e   r e l a t i o n   b e t w e e n  
i n   t e n s i t y   a n d  
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concent ra t ion .   The   symbols   used  are: 
laser  output   power 
area o f  c o l l e c t i n g  t e l e s c o p e  
r e f r a c t i v e  i n d e x  o f  water 
a1 t i  tude  
c o n c e n t r a t i o n  
c r o s s - s e c t i o n  f o r  b a c k s c a t t e r  
e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  
cons   t an  t 
beam a t t e n u a t i o n  c o e f f i c i e n t  
a b s o r p t i o n  c o e f f i c i e n t  
s c a t t e r i n g  c o e f f i c i e n t  
The e x p r e s s i o n  f o r  t h e  Mie and Raman i n t e n s i t i e s  r e s u l t s  d i r e c t l y  f r o m  
i n s e r t i n g   t h e   a p p r o p r i a t e   s u b s c r i p t s .   I n   t h e  Mie c a s e   t h e   c h a n g e   i n   i n t e n s i t y  
w i t h   i n c r e a s i n g   c o n c e n t r a t i o n  i s  n o t  s i m p l e  s i n c e   b o t h  NO and y i n c r e a s e .  
I n  g e n e r a l  w e  e x p e c t  a n e a r  l i n e a r  r e l a t i o n  a t  low t u r b i d i t y  c h a n g i n g  t o  s a t u -  
r a t e d   c o n d i t i o n  a t  h i g h   t u r b i d i t y .  The Raman i n t e n s i t y  v a r i e s  i n v e r s e l y  w i t h  
a t t e n u a t i o n   o n l y ,   s i n c e  NU i s  c o n s t a n t   f o r  water.  The f i n a l  two e x p r e s s i o n s ,  
Mie/Raman and   f luor /Raman,   use   the   Raman-a t tenuat ion   re la t ionship   to   remove   the  
a t t e n u a t i o n  e f f e c t .  The r a t i o  o f  a t t e n u a t i o n  c o e f f i c i e n t s  a t  t h e   v a r i o u s  wave- 
l e n g t h s  is a p p r o x i m a t e l y  c o n s t a n t  o r  a t  w o r s t  s l o w l y  v a r y i n g ,  s o  t h a t  w e  e x p e c t  
t h e  Raman i n t e n s i t y  t o  i n d i c a t e  a t t e n u a t i o n ,  Mie-to-Raman t o  i n d i c a t e  s u s p e n d e d  
s e d i m e n t  ( t o t a l  s u s p e n d e d  s o l i d s ) ,  a n d  f l u o r e s c e n c e - t o - R a m a n  t o  i n d i c a t e  t h e  
c o n c e n t r a t i o n  o f  t h e  f l u o r e s c i n g  material. 
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L a b o r a t o r y  e x p e r i m e n t s  h a v e  b e e n  c o n d u c t e d  t o  c o m p a r e  i n t e n s i t i e s  a n d  
c o n c e n t r a t i o n s  as i n d i c a t e d   a b o v e .   T h e   a p p a r a t u s  shown i n  f i g u r e  3 w a s  
des igned  t o  p r o v i d e  a r e a s o n a b l e  s i m u l a t i o n  of t h e  r e m o t e  s e n s i n g  s i t u a t i o n  
w i t h  n a t u r a l  s a m p l e s  b r o u g h t  b a c k  t o  t h e  l a b .  S p e c t r a  a re  r e c o r d e d  w i t h  a n  
O p t i c a l  Mul t i channe l  Ana lyze r  (OMA) w h i c h  a l l o w s  r a p i d  r e c o r d i n g  o n  m a g n e t i c  
d i s c s   a n d   s u b s e q u e n t   a l g e b r a i c   m a n i p u l a t i o n .   T h e   d e t e c t o r  is a s i l i c o n -  
i n t e n s i f i e d   t a r g e t   v i d i c o n   t u b e   p r e c e d e d   b y   a n   i m a g e   i n t e n s i f i e r .   S p e c t r a l  
r e s o l u t i o n  is 2.5 nm. I n   o u r   s a m p l i n g   p r o c e d u r e  w e  e m p h a s i z e   r e t u r n i n g   t h e  
s a m p l e s  w i t h i n  4 t o  6 h o u r s  o f  c o l l e c t i o n  a n d  t r e a t i n g  them so  as to  min imize  
b i o c h e m i c a l  stress. S a m p l e s   f o r   c h e m i c a l   a n d   o p t i c a l   a n a l y s i s  are taken  f rom 
the   measur ing   tank   immedia te ly   fo l lowing   the   f luorescence   measurement .  
F i g u r e  4 shows a typ ica l  r eco rded  spec t rum and  the  p rob lem o f  ove r l app ing  
peaks.  The OMA a l l o w s   s u b t r a c t i n g   t h e   f l u o r e s c e n c e   d u e   t o   D i s s o l v e d   O r g a n i c  
Matter (DOM) a n d  t h e n  i n t e g r a t i o n  of t h e  r e m a i n i n g  p e a k s  t o  o b t a i n  t r u e  
i n t e n s i t i e s .  F i g u r e  5 shows how t h e  DOM spec t rum is o b t a i n e d   b y   a n a l y s i s   o f  a 
f i l t e r e d   s a m p l e .  The OMA n o r m a l i z e s  t h i s  DOM cu rve   i n   t he   r eg ion   be tween   514 .5  
and  550 nm, j u d g e d  t o  b e  f r e e  o f  Mie a n d  p h y c o e r y t h r i n  s i g n a l ,  a n d  s u b t r a c t s  t o  
produce   the  DOM c o r r e c t e d   c u r v e .   T h i s   a l s o   d e t e r m i n e s   t h e  DOM i n t e n s i t y .  
F i g u r e  6 shows  the same p r o c e d u r e  a p p l i e d  t o  a r i v e r  s a m p l e  c o n t a i n i n g  a h i g h  
l e v e l  of  DOM and  no  phycoery thr in .  
P r i o r  t o  s t u d y i n g  n a t u r a l  samples,  v a l i d a t i o n  e x p e r i m e n t s  were performed 
t o   c h e c k   t h e   e x p e c t e d   b e h a v i o r   o f   t h e   o p t i c a l   m o d e l s .   F i g u r e  7 shows t h e  
r e s u l t s  o f  a test  i n  which a c l a y  was a d d e d  t o  d i s t i l l e d  water and  the 
i n t e n s i t i e s   c o m p a r e d   t o   a t t e n u a t i o n .  The v a r i o u s   r e l a t i o n s  a re  as  e x p e c t e d .  
A s  a more r i g o r o u s  tes t  u s i n g  n a t u r a l  s a m p l e s  a l-day  experiment w a s  
performed  during  September   1980.  A w i d e   v a r i e t y  of water t y p e s  was i n c l u d e d  
f r o m  f r e s h  w a t e r  i n  t h e  James R i v e r  t o  h i g h  s a l i n i t y  c o a s t a l  water a t  t h e  mouth 
of   the   Chesapeake   Bay .   F igure  8 s h o w s   t h e   l o c a t i o n   o f   t h e  sample  sites. I n  
a d d i t i o n ,  a few  samples  were made up  by mix ing   ocean   and   r i ve r  water. F i g u r e s  
9 through 13 show t h e  r e su l t s  o f  t h e  i n t e n s i t i e s  a n d  c h e m i c a l / o p t i c a l  
compar i sons .   Inve r se  Raman i n t e n s i t y   v s .   a t t e n u a t i o n   g i v e s   e x c e l l e n t   a g r e e -  
ment--this is  t h e  m o s t   c o n s i s t e n t   a n d   n o i s e - f r e e   o f  a l l  the   compar isons .  The 
Mie/Raman v s .  TSS and   ch lo rophy l /Raman   v s .   ch lo rophy l   concen t r a t ions  are a l s o  
good.  The DOM/RAM v s .  DOC shows  the  worst   comparison.   This  i s  p robab ly  
caused by a n o n f l u o r e s c i n g   c o n t r i b u t i o n   t o  DOC. From o u r   e x p e r i e n c e  DOM 
f l u o r e s c e n c e  is  due   to   humic  material  i n   l a n d   r u n o f f .   T h i s  is  i l l u s t r a t e d  by 
t h e  much b e t t e r  c o m p a r i s o n  o f  DOM/RAM vs .  DOM a b s o r p t i o n .  
For  one  of  the  samples f l u o r e s c e n c e  w a s  r e c o r d e d  u s i n g  two d i f f e r e n t  
e x c i t a t i o n   w a v e l e n g t h s ,  shown i n  f i g u r e  1 4 .  T h i s  i l l u s t r a t e s  two c o n s i d e r a -  
t i a n s   i n   c h o o s i n g   t h e   e x c i t i n g   w a v e l e n g t h :  (1) t h e   v a r i a t i o n  of t h e  c h l o r o p h y l  
e x c i t a t i o n  c r o s s  s e c t i o n  w i t h  w a v e l e n g t h  a n d  ( 2 )  t h e  o v e r l a p  o f  s p e c t r a l  p e a k s .  
DOM a n d  c h l o r o p h y l  i n t e n s i t i e s  a re  d i f f i c u l t  t o  o b t a i n  u s i n g  532-nm e x c i t a t i o n  
b e c a u s e  o f  s h i f t  i n  t h e  Mie and Raman p e a k s  r e l a t i v e  t o  t h e  f i x e d  f l u o r e s c e n c e  
s p e c t r a   o f   c h l o r o p h y l   a n d   p h y c o e r y t h r i n .   S i m i l a r l y   f o r   a n   e x c i t a t i o n  wave- 
l e n g t h  much below 510 nm t h e  Raman and  phycoe ry th r in  peaks  w i l l  b e g i n  t o  o v e r -  
l a p .  A wavelength  of   about   520 nm is optimum f o r  good r e s o l u t i o n  o f  a l l  
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